The burst pressure of 
Introduction
DOT-39 refrigerant cylinders, approved by the Department of Transportation ͑DOT͒, are low-pressure cylinders, which can be commercially filled and used in industrial, commercial, consumer markets, and medical applications. These cylinders, customer requested as nonrefillable, are used for refrigerant applications by refrigerant producers and packagers around the world and contain refrigerant gases such as R12, R22, R134A, R404A, R500, and R502. The refrigerant cylinders known as NRV ͑nonrefillable-valve͒ in the industry are used as nonrefillable and nonreusable cylinders. The cylinders are also equipped with a nonrefillable, one-way hermetic leak-stop valve to prevent refilling which is unsafe and illegal. Essentially, these cylinder products are used as refrigerant gas containers having capacities ranging from 15 to 50 lb.
The primary problem of this study is to determine the burst pressure and failure location of the DOT-39 refrigerant cylinders whose service and test pressures are known by the definitions of the DOT rules. The service pressure ͑SP͒ is the working ͑operat-ing͒ pressure where the cylinders are filled and used in industrial applications. The test pressure ͑TP͒ is a given pressure that is applied and released, after which the permanent volume expansion of the cylinder must not exceed 10 percent of the original measured volume. Finally, the burst pressure ͑BP͒ is the maximum pressure a cylinder can hold without bursting. For this reason, by the definitions of the DOT regulations, the BP of these cylinders has to be determined by the manufacturer as a technical feature.
In the case of instability of cylindrical shells, analytical formulations are available for ideal shells with perfect geometry and specific boundary conditions ͓1,2͔. They supply the instability pressure using numerical methods as reported in the literature. These formulas do not take into account the strain distribution, and nonhomogeneous nonlinear material properties and geometrical imperfections including thickness variations in the cylinder shell material. The prediction of the BP in filament-wound composite vessels has been studied using neural network acoustic emission testing by Hill et al. ͓3͔ , and using the finite element method by Sun et al. ͓4͔ . The plastic deformation and burst of the multilayered cylinders was developed analytically using elastoplastic finite strain theory under generalized plane strain by Tadmor and Durban ͓5͔ and Blandford et al. ͓6͔ . The BP of a vessel was estimated after a single application of internal pressure using mathematical and experimental models for tensile loading by Updike and Kalnins ͓7͔. Effects of welding condition on residual stress in a steel plate was developed using ANSYS FEM techniques by Teng and Lin ͓8͔, and the influence of pipe wall thickness on the welding residual stresses has been examined by Teng and Chang ͓9͔. An elastic-plastic instability analysis of thinwalled cylindrical shells using analytical methodology to study the post-buckling behavior of laminated cylindrical shells under axial compression and lateral pressure was examined by Boote et al. ͓10͔ . The bursting of a large silo on a farm was performed experimentally by filling up the silo repeatedly over several months as described by Keiselbach ͓11͔. No similar body of knowledge appears to be available in the current literature for BP investigations of the DOT-39 refrigerant cylinders.
The purpose of this work is to investigate the BP and its location in DOT-39 refrigerant cylinders using both experimental burst tests and finite element analysis ͑FEA͒ modeling. To predict the BP or the location of failure, the actual shell material properties including thickness variation and weld zone properties are investigated from the cold-drawn cylindrical shells. These materials are used in the FEA modeling process as nonlinear material properties to approximate the BP values obtained by the experimental burst test. Two different types of nonlinear FEA models, uniform and nonuniform, are developed. In the modeling process, actual drawn shell and weld zone material properties are used with imperfect geometrical properties and axisymmetric boundary conditions. Also, the variation of the drawn shell thickness is generated nonuniformly in the entire nonlinear model.
Design of DOT-39 Refrigerant Cylinders
Guidelines for the design of torispherical-bottomed shell DOT-39 refrigerant cylinders can to be found in international codes such as BS-5500 ͑British Standard͒ and ASME codes ͑Sec-tion VIII, Division 1͒. It should be noted that these rules are restricted mostly to the load-carrying capacity under internal pressure loading. However, these nonrefillable refrigerant cylinders are designed according to the restrictions of the DOT code, concerned with the SP and TP of the refrigerant cylinders. The TP is set at between 1.2 and 2 times the SP. Hence, the pressure specifications of the most commonly manufactured cylinders of 9.5-in. ͑241.3-mm͒ inner diameter and used in industrial applications are given as an example in Table 1 .
The DOT-39 pressure cylinders are characterized as having imperfect torispherical end-closures with a cylindrical shell. These cylinders have a tubing-valve system, and a handle is welded to the top of the cylinders. Also, the cylinders have four dimples located at the bottom symmetrically and circumferentially about the axis of symmetry, as shown in Fig. 1 .
Design characterizations of these cylinders, manufactured by a deep drawing process in two-torispherical bottomed cups ͑and top and bottom shell components͒ are shown in Fig. 1 . These two shells are welded together at the middle circumferentially about their axis of symmetry. Also in the figure, some design variables are shown, such as inner diameter ͑ID͒, minimum diametrical wall thickness ͑t͒, knuckle radius (R k ), crown radius (R c ), and length of the cylindrical shell ͑L͒. Based on the definitions of the ISO code, these cylinders are thin-walled, t/IDϽ1/40, and defined as shallow cylinders, L/2ϽID. The design of the perfect torispherical end has R k ϭ0.03*ID, and R k must be greater than 0.03*(ID ϩ2t) according to the ASME code ͑Par. UG-32͒ and BS 5500 ͑S: 3.5.2.2͒, respectively.
DOT-39 refrigerant cylinders are manufactured within three different groups, which are classified by their internal diameters: ID:7.5 in. ͑190.5 mm͒, ID:9.5 in. ͑241.3 mm͒, and ID:12 in. ͑304.8 mm͒. Each group of cylinders has a different wall thickness, ranging from 0.02 in. ͑0.508 mm͒ to 0.1 in. ͑2.54 mm͒. Table 2 shows the nominal dimensions of the ID:9.5-in. ͑241.3-mm͒ refrigerant cylinders. The thickness, t, is the thickness of the purchased blank steel sheet. Particularly in the present study, the BP and the failure analysis of the ID:9.5-in. ͑241.3-mm͒ refrigerant cylinders were investigated.
Investigation of Material Properties
The DOT-39 refrigerant cylinders are manufactured from SAE-1008 steel by using a deep drawing process. The SAE-1008 steel is AKDQ cold-rolled steel, which is a ductile material and suitable for the cold forming process. The tools, used in the deep drawing process, are a die, a punch, and a blankholder. The blank sheet material is clamped between the die and the blankholder to avoid wrinkling. A round flat blank of sheet metal is shaped by the action of a punch forcing the sheet metal into a die cavity. The final shape of the product is defined by both the punch and the die. Both the friction conditions and the blankholder forces restrain the material flow during the deep drawing process ͓12͔.
Actual Drawn Shell Properties.
To investigate the actual drawn shell material properties of the DOT-39 refrigerant cylinders as a drawn shell, a drawn shell component of the cylinder is divided into four regions between points a and b shown in Fig. 2 . These named regions are: ''shell by weld'' between points a and c, ''shell by knuckle'' between points c and d, ''crown by knuckle'' between the points d and e, and, finally, ''crown'' between points e and b. From each region, tensile test specimens were cut out in the directions shown in the figure, and the corresponding engineering stress-strain data ͑ESSD͒ and related curves were obtained.
Tensile test specimens were cut from the cylindrical shell regions in both the longitudinal and circumferential directions about the principal axes. It was observed that the material strength of the cylindrical shell in the longitudinal direction due to drawing is higher than in the circumferential direction. In addition, the hoop stress is about two times higher than the longitudinal stress when considering the stress analysis of cylindrical shells ͓13, 14͔. Thus, the data obtained from the specimens tested in the circumferential direction were considered in the analyses, because of the limiting conditions explained in the foregoing. On the other hand, the material properties in the spherical ͑crown͒ region, including most of the knuckle region, exhibit almost the same characteristics in all directions. The material properties of these regions, including the SAE-1008, are represented by their true stress-strain curves ͑TSSC͒ converted from corresponding ESSD by using well-known empirical equations in ͓12͔, as shown in Fig. 3͑a͒ . The conversion equation for true stress is t ϭ•(1ϩ), and for true strain is t ϭln(1ϩ), where and refer to the engineering stress and engineering strain, respectively. The variations in the mechanical properties of these materials are significant, depending on the region of the drawn shell used. These variations in percentage are calculated for the mechanical properties of SAE-1008 blank steel based on the ultimate strength, tensile strength, and elongation and are represented as a function of the different regions shown in Fig. 3͑b͒ . From the figure, the ultimate tensile strength ͑UTS͒ and tensile yield strength ͑TYS͒ increases, while the elongation represented by the second y-axis decreases. For example, in the region of ''shell by weld,'' the UTS increases by about 58 percent and the TYS increases by about 151 percent, while the elongation decreases by about 82 percent.
Weld Zone Properties.
When two cylindrical shell components are welded together to form a DOT-39 refrigerant cylinder, the weld geometries are generally quite uniform. Randomly selected cylinders are removed from the manufacturing stack and test specimens are cut out in the middle longitudinally. From the full cross section, the weld zone geometries were measured with a micrometer to a precision of 0.001 in. ͑0.0254 mm͒.
The average values of the nominal dimensions of the weld are shown in Fig. 1 .
To investigate the weld zone properties, a few tensile test specimens were taken from the welded zone of the assembled cylinders. The specimens were cut out circumferentially about the rotational axis of the shells and tested in a tensile test machine. A cut-out tensile test specimen is shown with a dashed line in the weld zone in Fig. 1 . From the tensile tests, the ESSD and associated curves were obtained. It was observed that the obtained ESSD and related curves are approximately in the same range and slopes. In the aforementioned way, the TSSC of the weld zone was converted from the average values of ESSD and compared with the shell properties ͑see Fig. 3͑a͒͒ . The mechanical properties of the weld zone were investigated from the tensile test, and the results are as follows:
Ultimate tensile strength ͑UTS͒ : 84900 psi ͑585.365 MPa͒ Tensile yield strength ͑TYS͒ : 70900 psi ͑488.8383 MPa͒ As mentioned in the foregoing, the drawn shell thickness varies due to the drawing process. This variation was investigated by measuring the full cross-sectional geometry of the DOT-39 refrigerant cylinder, as shown in Fig. 1 . The measurement procedure, using a micrometer, was done in both ''point-by-point'' and ''by-sliding'' the micrometer on the surface. For instance, the wall thickness was measured to be about 0.0365 in. ͑0.9275 mm͒ at point a, about 0.0317 in. ͑0.80418 mm͒ at point h, and about 0.0388 in. ͑0.98552 mm͒ at point u. This is very close to the nominal thickness of SAE-1008 steel sheet. In fact, the SAE-1008 steel sheet is manufactured within the tolerances of the sheet thickness. In this case, it can be seen from the measurement that the minimum wall thickness occurred at point h, ''shell by knuckle'' region. Between points a and h, 12 different shell thicknesses were measured at approximately every 0.4 in. ͑10.16 mm͒ along the length of the cylinder shell. From point h through point u, 13 different points for the crown-shell thickness were measured.
The thickness variation of the drawn cylindrical shell is shown as a function of shell regions in Fig. 4 . As can be seen from the figure, the wall thickness changes more in the cylindrical drawn shell region than in the ''crown'' region. It was also observed that the maximum thickness change of about 18 percent occurred in the ''shell by knuckle'' region, and the minimum thickness change of about 1 percent occurred at point u in the crown region.
The Experimental Burst Test
The experimental burst investigations of the DOT-39 refrigerant cylinders were carried out at the R&D laboratory of the manufacturer. To test these cylinders, the cylinders were completely filled with water, and the pressure was controlled by means of a single acting hydraulic pump. Air was vented during the filling, and the tests were conducted at room temperature. The cylinders were randomly selected from the manufacturing stack and carefully placed in the experiment set up. The cylinders were placed horizontally during the experiments instead of sitting them on the dimples at the bottom of the cylinders.
In the burst experiments, 581 DOT-39 refrigerant cylinders having an inner diameter of 9.5 in. ͑241.3 mm͒ and an approximate wall thickness of 0.032 in. ͑0.8128 mm͒ were tested at different times. The BP distribution of 581 refrigerant cylinders tested is shown as a function of number of tested cylinders in Fig.  5 . The wall thickness was variable due to the thickness tolerances for the blank sheet. As can be seen from the figure, the BP ranged from a minimum of 680 psi ͑4.6884 MPa͒ to a maximum of 760 psi ͑5.24 MPa͒. The mean BP value obtained was about 730 psi ͑5.0332 MPa͒ for 225 out of 581 refrigerant cylinders tested.
Burst Failure Analysis
5.1 Membrane Stresses. The membrane stresses in the cylindrical shells, although small, cannot be disregarded and must be combined with the bending stresses ͓13͔. In a circular cylindrical shell loaded symmetrically with respect to its axis cases, the cylindrical shell is submitted to the action of forces distributed symmetrically with respect to its axis of the cylinder ͓1͔. The analysis of the membrane stresses that occur at the junction of the cylindrical shell and the torispherical end closure shown with point e in Fig. 6͑a͒ is due to the action of internal pressure. At this joint, the membrane stresses are usually accompanied by local bending stresses, which are distributed symmetrically with respect to the cylinder axis. If we consider only membrane stresses, the deflections of the cylindrical shell and the torispherical end are discontinuous at their joint. This indicates that at the joint there must be shearing and bending moments uniformly distributed along the circumference and of such magnitudes as to eliminate this discontinuity. The total longitudinal and circumferential stresses combining the maximum bending stresses produced by the bending moments in the axial and tangential directions with the membrane stresses can be found with the following empirical equations derived for thin-walled cylindrical shells by Bickell and Ruiz ͓14͔:
When the applied loads are symmetrical about the axis of the cylinder, none of the stress functions vary in the circumferential direction and the tangential displacement is zero. Under these circumstances, the bending and shear stresses are zero or negligible ͓15͔.
Instability of Thin-Walled Cylinders.
The stress analysis of thin shells of revolution loaded in the elastic range is straightforward. The states of stress and strain can be related to the actual load ͓1͔. At increased values of load, there is a moreor-less well-defined point where the assumption of elastic conditions is no longer valid, and the material will flow plastically. As the load further increases, the plastic region spreads over the rest of the shell until the elastic region either disappears or is insufficient to prevent the plastic deformation of the cylinder. At present, the incipience of plastic flow is predicted in accordance with the von Mises criterion
In case of a strain-hardening material as shown in Fig. 3͑a͒ , the uniaxial stress-strain curves may be represented by two expressions: one valid in the elastic field, elastic ϭE• elastic ϽTYS, and the other valid in the plastic field plastic ϭB• plastic b ϩTYS, where B and b refer to the strength coefficient and strain-hardening exponent, respectively. In this situation, the total strain is ϭ elastic ϩ elastic . When large plastic deformations exist such as in the bursting of the cylinders, the elastic strain, elastic , may be neglected. It is apparent, from Fig. 3͑a͒ that plastic flow can proceed only under increasing values of stress. The isotropic hardening interpretation of this behavior is to assume that the yield surface expands, without altering its shape, when the strain increases. According to the von Mises yield criterion, the effective stress and plastic strain can be defined in terms of principal stresses and strains in Eqs. ͑4͒ and ͑5͒. Additionally, the plastic strain is defined as the integration of the plastic strain increments that are developed during the loading history ͓15͔.
The plastic instability of thin-walled cylindrical shells having strain-hardening material under internal pressure can be defined as a function of effective stress and strain. Because the hoop, radial, and longitudinal directions are principal, the membrane stresses in Eqs. ͑1͒ and ͑2͒ can be transformed to effective stresses. The hoop stress, higher than the longitudinal stress, can be defined, for instance, as effective stress, such as: ϭ1.032•p•ID/2•t•e /2 , where the t and ID are used as constant or initial values. For instability to occur, increased deformation must be possible without any increase in load; that is, dp/ ϭ0. Then, the instability condition for a thin-walled cylinder can be defined as 0.5•d /d ϭ . Therefore, the BP caused by a plastic instability condition for a thin-walled cylindrical shell under internal pressure is defined in terms of effective stress and strain, as shown in Eq. ͑6͒. The effective stress and strain as input for this equation can be obtained from either FEA simulation or analytical calculations. On the other hand, the bursting pressure for the torispherical end closure is found to be about two times that for a cylindrical shell ͓14͔.
5.3 FEA Modeling. The FEA investigations were carried out using the ANSYS finite element computer code to predict the BP for each type of DOT-39 refrigerant cylinders. To determine the BP of the cylinders and to define the behavior of the shell structures in the simulation, the cylinders were modeled with an incremental internal pressure. To do this, two different types of nonlinear FEA models, uniform and nonuniform, were developed using 2-D axisymmetric elements. The simulations of the FEA modeling were analyzed under quasi-static conditions. Nonhomogenous material properties were assumed for the uniform model, but the wall thickness was assumed to be uniform for the entire shell geometry. The shell thickness for the model was the initial blank sheet thickness. However, in the nonuniform modeling case, the investigated thickness variation of the actual drawn shell was used.
Development of the Nonuniform Model.
To apply nonuniform wall thickness concepts in the modeling process, two different functions were applied, namely the ''step'' and ''wedge'' functions. The step function, shown in Fig. 6͑b͒ , assumes that the variation in thickness is not symmetric about the midsurface of the shell wall. To apply the step function, the cylindrical shell can be divided into a series of sub-cylinders. Each subcylinder can be considered as a constant wall thickness. However, the wedge function, shown also in Fig. 6͑b͒ , assumes that the thickness variation is nearly symmetric about the neutral axis of the shell wall. In other words, the nonuniform wall thickness can be considered as a tapered shell with an irregular ring at each end of the length. The nonuniform wall thickness of the cylinder is also generated with an irregular ring in the use of the wedge function. Therefore, both the step and wedge functions were used to generate the thickness variation in order to investigate more accurate values of the BP. 5.5 FEA Modeling using Axisymmetry. The structure of the DOT-39 refrigerant cylinders considered here is axisymmetric with respect to the longitudinal axis of the cylinder and with respect to the applied load ͑uniform internal pressure͒. The 2-D axisymmetric FEA model is developed by using quartersymmetry without dimple geometry and the midsurface of the wall thickness, as shown in Fig. 6͑a͒ . Initially, it was assumed that the dimples located at the bottom of the cylinders have no affects on the BP values and the failure locations. Preliminary investigations were carried out to select the most suitable shell element from the ANSYS element library, and the SHELL51 element was used. This element has two nodes and four degrees of freedom at each node; three nodal translational are in the x, y, and z-axes and one nodal rotational is about the z-axis ͓16͔.
Axisymmetric Boundary Conditions.
The axisymmetric boundary conditions are shown in Fig. 6͑a͒ . One node at point a is restricted to translational motion in the y direction, and the other node at point b is restricted to translational motion in the x direction. Because of the geometrical and selected finite shell element features, the rotational displacements about the z-axis for the nodes at points a and b are constrained.
Selection of Loading Conditions.
Three types of loading conditions were applied in the simulations based on the FEA model types named as ,'' as shown in Fig. 7 . The legends of ''She95-32'' and ''SheW95-32'' are for the uniform FEA models; the ''She95-32'' model has only the drawn cylindrical shell properties without the weld material effect, but the ''SheW95-32'' model was developed for the effects of the weld zone properties. The third one, ' ' is the nonuniform model, including the effects of both weld and thickness variation in the model.
Initially, the incremental loads were linearly increased, by 10 psi ͑0.6895 MPa͒ per step; up to points a and b for both uniform models and point c for the nonuniform model. The load increments are also shown in the figure with the legend of ''Load Increment''. After these points, the loads were gradually increased up to points d, e, and f for the three models, respectively. These points represent the burst time of the cylinders. Points g, j, and k represent the initial estimates of the loading for the BP.
Burst Failure Analysis and Failure Locations.
In a simulation process, the structural behavior of the cylinder as a function of time ͑incremental load͒ can be plotted to determine the BP. To illustrate this, the nodal deflections for critical points of the cylinder are shown in Fig. 8͑a͒ for the uniform model. It is evident from the plot that the nodal displacements change significantly, from 0.4 in. ͑10.16 mm͒ to 2 in. ͑50.8 mm͒, as the pressure approaches the BP. In addition, to determine the BP in the simu- lation, it was noted that the stress values reduced suddenly, especially at the burst point, and ultimately the FEA does not converge.
On the other hand, one of the other ways to analyze the burst failure of the cylinder is to examine the nonlinear plastic strain results. The nonlinear equivalent plastic strain of the cylinder material is plotted as a function of time for the simulations shown in Fig. 8͑b͒ . From the figure, the maximum plastic strain obtained is about 0.1 at the instant of burst, and this is higher than the given strain of the actual drawn shell material, which is about 0.025 as shown in Fig. 3͑a͒ .
The burst location of the DOT-39 refrigerant cylinders is well known by the experimental burst tests. Fracture occurs at the junction of the cylindrical shell and knuckle regions, at point e shown in Fig. 6͑a͒ . This point defined as the failure location of the refrigerant cylinders is also shown by the node number ''N98'' of the FEA model in Fig. 9 . In the burst experiment, the tested cylinder specimens fracture at this point in such a way that the burst fracture continues longitudinally up to the weld zone. When the burst fracture meets with the weld, the fracture direction changes and continues circumferentially about the rotation axis of the shell.
In the case of the computer modeling for bursting of the refrigerant cylinders, the burst location is obtained in different places based on the types of the nonlinear FEA models. The obtained burst locations from the different models are shown in Fig. 9 . The burst location is obtained at point ''N1'' when we consider the uniform model without the effects of the weld zone properties. However, if the weld zone properties are accounted for in the modeling process, the failure location of the cylinder is obtained at the region of shell by weld shown between points N16 and N25. On the other hand, the exact burst location from the computer model is obtained at the region of shell by knuckle, shown by point N98, when the nonuniform FEA model is considered in the modeling process. Also, this location is confirmed by the experimental results.
5.9
The BP Results from FEA Modeling. The BP results are plotted as a function of the ratio of the wall thickness to the inner diameter (t/ID) of the refrigerant cylinders, as shown in Fig.  10 . The figure has four curves represented by four different legends; ''Actual Shell,'' ''A.ShellϩWeld,'' ''Nonuniform,'' and ''Experiment,'' which are based on the model types. The first two curves, ''Actual Shell'' and ''A.ShellϩWeld,'' are the BP results obtained by using the uniform FEA model. The third curve, ''Nonuniform,'' is the BP results for the nonuniform FEA model, and the last one, ''Experiment,'' is the BP results for the experimental burst tests.
All of the FEA model results were compared with equivalent BP experimental data for validation. As explained in the foregoing, two different types of nonlinear axisysmmetric FEA models, uniform and nonuniform, were analyzed. As can be seen in Fig.  10 , the BP results of the nonuniform FEA model were higher than that of the uniform model, and the nonuniform modeling results very closely match the experimental results. When only the drawn shell material properties were considered in the uniform modeling case, the BP was about 89 percent of the experimental results. However, if the weld zone properties are also taken into account in the same uniform modeling process, then the BP was about 94 percent of the experimental values. In contrast, in the case of nonuniform FEA modeling process, not only the BP of the refrigerant cylinders was obtained, but the burst failure locations were found and coordinated with the experimental results.
Conclusions
The case of a series of thin-walled DOT-39 refrigerant cylinders exposed to an incremental internal pressure to determine the exact BP and failure location was studied by experimental and computer-aided FEA approaches. The FEA models use 2-D axisymmetric elements and simulate nonuniform and imperfect geometrical and nonhomogeneous material property conditions in a nonlinear field. Based on the generated results, the following conclusions can be made:
͑a͒ Good agreement between the measured BP in the experiments and the corresponding nonuniform FEA model values was found for all of the models. However, the BP values for the models generated using uniform modeling characteristics were found to be less than the experimental ones. That is, when only drawn shell properties were considered in the FEA modeling processes, the BP value obtained was about 89 percent of the experimental ones. On the other hand, when the weld properties were also taken into account in the uniform modeling, the BP computed was about 94 percent of the experimental values.
͑b͒ Good experimental and FEA agreement was found for the failure location of the refrigerant cylinders when considering nonuniform conditions in the FEA modeling process. However, for the uniform FEA modeling cases, the burst locations did not agree well with the experimental ones.
͑c͒ The actual drawn cylindrical shell material properties including wall thickness variations and weld zone properties were well defined in the study and successfully adapted into the AN-SYS computer code FEA package.
͑d͒ In the FEA analyses, the behavior of incremental loads based on the model types remains linear for about 85-95 percent of the BP levels, as shown in Fig. 7 . ͑e͒ The results obtained from the FEA simulations were validated by using analytical Eqs. ͑4͒-͑6͒. When the wall thicknesses and the principal stresses and strains obtained from the simulations were substituted into these equations, the calculated instability pressures were coordinated with the BP values.
